The catalytic subunit of the cAMP-dependent protein kinase (PKA) from Dictyostelium discoideum contains several domains, including an unusually long N-terminal extension preceding a highly conserved catalytic core. We transformed the aggregationless PkaC-null strain with several deletion constructs of both domains. Strains transformed with genes expressing catalytically-inactive polypeptides could not rescue development. Cotransformation with constructs encoding the N-terminal extension and the catalytic core, both unable to rescue development by themselves, yielded transformants able to proceed to late development. A 27-amino acid long hydrophobic region, immediately upstream of the catalytic core, was found indispensable for PKA function. A putative role of this sequence in the acquisition of the active conformation of the protein is discussed.
Introduction
Differentiation of Dictyostelium discoideum cells is triggered by food deprivation. Individual cells migrate into streams and eventually form a multicellular aggregate (Devreotes, 1989) . The developmental cycle further proceeds with the formation of a multicellular fruiting body consisting of a mass of spores supported by a stalk. Aggregation is under the control of extracellular pulses of cAMP which in Dictyostelium serves the unusual role of a chemoattractant. Released cAMP stimulates the generation of new cAMP pulses through specific receptors which, besides controlling aggregation, are also coupled to the gene regulatory processes which direct development (for a review see Parent and Devreotes, 1996) . cAMP-dependent protein kinase (PKA) plays an important role in Dictyostelium development (Kay, 1989; Reymond et al., 1995) . It is composed of regulatory (R) and catalytic (C) subunits (De Gunzburg et al., 1984 .
The holoenzyme (RC) dissociates upon cAMP binding to the R subunit. The regulatory and catalytic subunits of Dictyostelium PKA were cloned (Mutzel et al., 1987; Bürki et al., 1991; Mann and Firtel, 1991) and overexpression of either the wild type R subunit (Simon et al., 1989) or a mutant R subunit (Rm), defective in cAMP binding (Harwood et al., 1992a) , was shown to block aggregation. The same phenotype is observed upon disruption of the PkaC gene encoding the C subunit (Mann and Firtel, 1991) . On the contrary, cells from the strain RdeC, carrying a mutated R subunit which cannot interact with the C subunit, develop more rapidly and form spores prematurely within the aggregate in the absence of stalk formation (Simon et al., 1992) . The correlation between this 'sporogenous' phenotype and an increased activity of the C subunit was also observed when the protein was overexpressed constitutively (Anjard et al., 1992; Mann et al., 1992 Mann et al., , 1994 . Specific roles of PKA in cell differentiation were demonstrated by placing the genes encoding R and C subunits under the control of prespore-or prestalk-specific promoters (Harwood et al., 1992b; Hopper et al., 1993) . Further evidence for the importance of PKA in the spore-maturation process came from the discovery of a new signal transduction pathway leading to the expression of spore coat proteins (Shaulsky et al., 1996 (Shaulsky et al., , 1998 Anjard et al., 1997) .
In addition to a highly-conserved sequence of about 300 amino acids corresponding to the catalytic core, the Dictyostelium C subunit contains a long amino-terminal extension of 332 residues (Anjard et al., 1993 ) (see Fig. 1B ). A molecular model of the C subunit from Dictyostelium proposed that a sequence with homology to the A-helix in mouse C subunit (Knighton et al., 1991) lying close to the amino-terminus of the polypeptide chain (see Fig. 1 ) could complement the hydrophobic surface of the catalytic core . In the mouse C subunit, a mutant deleted in the A-helix showed altered solubility (Herberg et al., 1997) . However, we have recently shown that both the catalytic activity of a mutant C subunit lacking the A-helix motif and its inhibition by the R subunit showed little difference with those of the wild type Dictyostelium C subunit when assayed in vitro (Etchebehere et al., 1997) .
In the present work we investigated the contribution of the different domains of Dictyostelium PKA C subunit for its in vivo function in aggregation and development. For this purpose we transformed an aggregationless PkaC-null strain with constructs bearing either the full-length cDNA encoding PKA C or several deletion mutants. Fig. 1 shows a schematic representation of the C subunit of the PKA from Dictyostelium, comprising the amino-ter- wild type C subunit. Black boxes symbolise the catalytic core corresponding to amino acids 333-593. Asp 459 is highlighted. The striped boxes indicate the A-helix motif . (2) CDa: C subunit in which amino acids 77-94 were deleted and replaced by two alanines. minal domain (amino acids 1-333) and the catalytic domain (amino acids 333-593). A scheme of the mutant proteins is also shown. The N-terminal domain of the wild type C subunit of Dictyostelium (Cwt) includes a sequence between amino acids 77 and 94 which corresponds to the previouslydefined A-helix motif . The catalytic core starting at amino-acid 333 is highly homologous to that of the mouse C subunit. It is followed after residue 593 by a C-terminal extension which is also similar to the C-terminus of other PKA C subunits (Etchebehere et al., 1997) . CDa 1 lacks amino acids 77-94, while mutant protein C331stop 2 is a polypeptide ending with Glu 331 of the C subunit and thus lacking the catalytic domain. Two mutant proteins containing the complete catalytic domain, but with a deleted N-terminal domain, were also prepared. C329 3 , starting with the sequence Arg-Glu-Arg-Leu-Lys-Glu (Fig.  1C) corresponds to the catalytic domain. C302 4 , starting with Gln 303, contains an additional 27 amino acids at its N-terminus.
Results

Construction of mutant strains with deletions in the C subunit gene
The DNA inserts encoding Cwt and the different mutant proteins described above were cloned into the BamHI/SphI site of Dictyostelium transformation vector pDNeoII (Witke et al., 1987) under control of the actin 6 promoter and transformed into the PkaC-null strain. Cloned transformants (referred to as PkaC − /Cwt, etc.) were first analysed by Southern blot of BamHI/SphI-digested genomic DNA in order to confirm the presence of the transformed constructs in their genomes. The blots were hybridised with 5′-specific and 3′-specific DNA probes corresponding to sequences coding for the N-terminal and the C-terminal domains respectively (indicated in Fig. 1A ). The results of the Southern analysis corresponded to the expected pattern (data not shown).
The catalytic activity of the PKA C subunit is necessary and sufficient to restore aggregation in PkaC-null cells
Western blot analysis (Fig. 2 ) using a polyclonal antibody raised against a recombinant protein corresponding to construct C302 indicates the presence of a polypeptide of the expected 73-kDa size in extracts of PkaC . Further analysis of this latter strain indicated however that the C329 polypeptide was present, since PKA activity could be measured in the cell extracts (see Fig. 6 ).
The PKA catalytic activity was measured in the extracts of the transformant strains as described in Section 4. The activity was assayed in parallel in the presence of the PKI 5-24 5 peptide, a specific inhibitor of PKA. Thus we define the PKA activity as that fraction of kemptide phosphorylating activity in the extracts that is inhibited by PKI. As shown in Fig. 3 , the PKA activity of strain PkaC − /Cwt was similar to that of wild type strain AX2. PKA activity was also present in extracts from strains PkaC − /CDa and PkaC − /C302. In contrast, no catalytic activity could be measured in extracts from the transformant PkaC − /C331stop, lacking the catalytic core, thus confirming the specificity of the assay.
Clones of all transformants were tested for development on filters and non-nutrient agar. As shown in Fig. 4 , expression of Cwt in PkaC-null cells fully restores the capacity to aggregate (Fig. 4, (Fig. 4 , panels C and E). In contrast, strain PkaC − /C331stop, in which the catalytic core had been deleted, could not aggregate (Fig. 4, panel A) . In all cases where development could be rescued, the aggregation process appeared normal. The post-aggregative development, however, was arrested at variable stages (panels D and E in Fig. 4 ). When fruiting bodies were formed, they were often abnormal, with thick and short stalks. Large basal plates with short stalks or sporeless spore heads were also observed. Spore maturation was defective and the amount of spores detected in these structures never exceeded 10% of the number in the wild type strain. Similar pictures were observed with strains 1 The C subunit of Dictyostelium PKA in which amino acids 77-94 were deleted and replaced by two alanines.
2 The C subunit of Dictyostelium PKA in which amino acids 332-648 were deleted.
3 The C subunit of Dictyostelium PKA in which amino acids 1-329 were deleted. 4 The C subunit of Dictyostelium PKA in which amno acids 1-302 were deleted. . The transformants were not sporogenous, as tested in the submerged condition according to Kay (Kay, 1989) .
In conclusion, these results show a positive correlation between the presence of PKA catalytic activity in cell extracts and the ability of the strains to aggregate and to enter the culmination process.
The region of PKA C subunit flanking the catalytic core N-terminally is essential for catalytic activity
Transformant PkaC − /C329 that lacks the entire N-terminal domain (see Fig. 1A ) was unable to aggregate, and extracts from this strain showed no catalytic activity (Fig.  3) . This, along with the absence of a signal on Western blot (Fig. 2, lane 4) could be due to a failure of transcription of the introduced gene. However, this is not the case, since Northern blots showed that the gene is transcribed at the same level as in strains PkaC − /Cwt and PkaC − /C302 (Fig. 5,  lanes 1-3) . We conclude that the absence of the sequence flanking the catalytic core N-terminally in C329, is responsible for the lack of activity of this truncated form of the catalytic subunit.
Co-expression of the inactive C-terminal and Nterminal domains restores both catalytic activity and development
We next examined the effect of co-transformation of PkaC-null cells with constructs C331stop and C329 which correspond to two complementary parts of the C subunit (see Fig. 1 ). Southern blots confirmed the presence of both constructs in this double-transformant (data not shown).
As seen in Fig. 6A , a strong PKA activity could be measured in the double transformant PkaC (Fig. 6B) . Similarly, a decrease in the enzymatic activity in the presence of TritonX100 was observed in the double transformant but not in PkaC and PkaC − /C302 extracts (Fig. 6C) suggesting that the Nterminal and C-terminal domains interact through hydrophobic regions to stabilise the enzyme in an active conformation.
Discussion
In addition to the catalytic core, the Dictyostelium PKA C subunit contains an N-terminal extension accounting for almost half its size (Anjard et al., 1993) . In order to investigate the role of this domain for its in vivo function, we constructed a series of plasmids coding for N-terminal deletion mutant proteins that were transformed into the aggregationless PkaC-null strain. These strains were compared with PkaC − /Cwt in which the full-length wild type C subunit gene was introduced into the PkaC-null strain. To characterise the phenotypes, we considered the ability of cells to form streams, to aggregate on filter or non-nutrient agar and to enter the late differentiation steps. We did not analyse in detail the culmination process and therefore the ability of a strain to attain the finger or mexican hat stages was not distinguished from the capacity to proceed beyond these stages.
The level of PKA activity in PkaC − /Cwt extracts was comparable with that of strain AX2 (see Fig. 3 ). As with other cell lines described in this work, no significant difference was found between vegetative cells and cells starved for 6 h (data not shown), a result in agreement with the fact that the protein is expressed under the control of the actin 6 promoter. PkaC − /Cwt cells aggregated normally and were able to enter the late developmental phase. The latter was not fully normal, since both malformed fruits and culminants blocked at some earlier stages were also observed. A similar partial rescue of the wild type phenotype had been observed when expressing the C subunit in the PkaC-null strain under the control of either an actin 15 promoter (Mann and Firtel, 1991) or of its own promoter (Mann et al., 1997) . This is probably the result of an impaired expression of the C subunit in these constructs due to the type of promoter being used and/or to the integration of the plasmid in multiple copies in the genome (Nellen et al., 1984) .
Development rescue correlates with PKA catalytic activity
Transformation of PkaC-null cells with a plasmid coding for the mutant C subunit lacking the catalytic core (PkaC − / C331stop) did not change the aggregation minus phenotype of the parental strain. As expected, these transformants are totally devoid of PKA activity. The necessity of the PKA catalytic activity for aggregation was further demonstrated by the study of strain PkaC − /C D459A 6 in which PkaC-null cells were transformed with a Dictyostelium D459A mutant C subunit corresponding to the inactive D166A mutant of mouse C subunit Zheng et al., 1993) . Strain PkaC − /C D459A expressed an inactive C subunit and it was unable to aggregate (Fig. 4A) .
Deletion of most of the N-terminal domain has no major effect on developmental rescue
The N-terminal domain of the Dictyostelium C subunit shows no overall homology with that of any known protein kinase except for a short sequence located near the N-terminus which is homologous to the A-helix of mouse C subunit (see Fig. 1B ) . The experiments reported here show that neither the A-helix nor most of the N-terminal half of the protein is required for complementation of the PkaC-null phenotype. Indeed, transformants PkaC (Fig. 3) is probably due to a higher copy number of the integrated vector in this strain, as shown by the more intense band on both Southern (data not shown) and Western (Fig. 2,  lane 2) blots. These results are consistent with the results recently obtained with purified recombinant proteins (Etchebehere et al., 1997) .
The N-terminal domain of the Dictyostelium C subunit contains several long polyglutamine stretches that could play a role in protein-protein interaction (Stott et al., 1995) . Experiments using the two-hybrid system in yeast are under way in our laboratory (in collaboration with the laboratory of Dr. A. Kuspa, Baylor College, Houston) to try isolate proteins specifically interacting with the aminoterminal domain of the Dictyostelium C subunit.
Importance of the amino acids flanking the catalytic core
The removal of 27 amino acids next to the core in the C302 protein to yield the C329 protein (see Fig. 1B ) had a dramatic effect on the function of the enzyme. PkaC − /C329 cells showed no PKA activity and were totally unable to aggregate. In contrast, simultaneous transfection of PkaC − cells with both halves of the Dictyostelium C subunits (strain PkaC − /C329-PkaC − /C331stop) rescued both PKA activity and aggregation, indicating the reassociation within the cell of the N-terminal domain and the catalytic core. This conclusion is further supported by the observation that the reconstituted activity shows a strongly-increased sensitivity to urea or Triton treatments (Fig. 6 , panels B and C).
The recombination event leading to the PkaC-null strain used in this work (Mann and Firtel, 1991) resulted in a frameshift in the nucleotide sequence at position 1202, i.e. within the coding region of the catalytic core (see Fig. 1A ). Therefore, the presence of the corresponding polypeptide in the extracts could obscure some of the results. It is unlikely to be the case however, because this putative polypeptide was unable to complement PkaC
The fact that PKA specific activity could be measured in extracts of PkaC − /C302 and PkaC
and not in extracts of PkaC − /C329 alone, points to the importance of the sequence lying adjacent to the catalytic core (Fig. 1C ). Although this sequence shows no homology to the mouse C subunit, it is very hydrophobic (13 out of 15 amino acids are hydrophobic) and we speculate that it could bind to the hydrophobic surface at the 'back' of the catalytic core , resulting in the stabilisation of the catalytic activity. In such a model Phe320 and Phe321 of the Dictyostelium C subunit could be the counterpart of amino-acids Phe26 and Trp30 of the mouse C subunit A-helix that dock into a hydrophobic pocket of the catalytic core . We propose that the 27-amino acid long sequence preceding the catalytic core in the Dictyostelium C subunit plays a role as an 'adapter' between the N-terminal domain and the core. A similar 'linker', first predicted for the Src protein kinase on the basis of computer modelling (Véron et al., , 1994 , was recently demonstrated by the resolution of the structure of the protein kinase Src and its homologue Hck (Sicheri et al., 1997; Xu et al., 1997) .
Materials and methods
Oligonucleotides, strains, plasmids and reagents
Oligonucleotides were synthesised in the Unité de Chimie Organique (Institut Pasteur, Paris). The Dictyostelium cell line Pka-C null (PKA C − ) was a kind gift from S. Mann and R. Firtel (UCSD, La Jolla) (Mann and Firtel, 1991) . The 'Gene Images Labeling and Detection Kit', the ECL Kit, as well as Hybond N + -membrane were purchased from Amersham France SA (Les Ulis, France). Nitrocellulose membranes (Nitran) were from Schleicher and Schüll (Dassel, Germany). G418 (geniticin) was from Gibco/BRL (Paisley, Scotland).
Antibodies were raised in mice by three successive immunisations with 30 mg of purified recombinant His C309 protein. The ascite polyclonal antibodies were collected and purified by ammonium sulphate precipitation and DEAE-Sephacel chromatography as described (Harlow and Lane, 1992) .
Site-directed-mutagenesis and construction of plasmids
DNA of Dictyostelium wild type C subunit (Cwt) originating from expression vector pET15B-Cwt (Etchebehere et al., 1997) was cloned into the SphI/BamHI site of ptz18R and served as a template for in vitro mutagenesis, performed according to Kunkel (Kunkel, 1985) using synthetic oligonucleotides as indicated below. The created restriction sites are in italics and the altered nucleotides are shown in bold: C331stop: 5′-AAA TTC TTT GGA TCC TTC TCT TGC-3′; C329: 5′-AA TCT TTC TCT TGG CAT GCC TGG TGG TG-3′; C302: 5′-TTG TTG TTG CAT GCG TTG TTG AGA-3′; C131stop: 5′-G TTT GTT TGG ATC CGG TGG TGT TA-3′. Constructs were controlled by dideoxy sequencing. Creation of mutant construct CDa in pET15B was described previously (Etchebehere et al., 1997) . Plasmids bearing wild type and mutant PKA cDNA were cloned into the SphI and BamHI sites of Dictyostelium transformation vector pDNeoII (Witke et al., 1987) yielding constructs harbouring the cDNAs in the sense orientation with respect to actin-6 promoter.
Dictyostelium transformation and culture
Cells of the Dictyostelium PkaC-null strain were grown in HL5 broth (Watts and Ashworth, 1970) . Transformation and maintenance of transformants was carried out as described previously (Anjard et al., 1992) . Clones of transformants were isolated by limiting dilution in the presence of constant G418 concentration (50 mg/ml). Several independent clones for each construct were analysed for development on filters and on non-nutrient agar as described (Anjard et al., 1992) .
Southern blots and Northern-blots
Genomic Miniprep DNA was prepared as described (Reymond, 1987) and digested with SphI and BamHI. Agarose gel electrophoresis and transfer onto Hybond N + -membrane was performed according to standard procedures (Maniatis et al., 1982) . Labelling of probes and hybridisation of blots was carried out following the instructions of the 'Gene Images Labeling and Detection Kit'. The SphIBamHI fragment of a pDNeoII vector inserted with nucleotides 1-393 of the PKA C subunit coding sequence (Fig.  1A,a) was used as a 5′-probe. For the 3′-probe we used the HindIII-BamHI fragment corresponding to nucleotides 1202-1944 of the Cwt subunit coding sequence in vector pDNeoII (Fig. 1A,b) . Total RNA was isolated from 2 × 10 7 cells, purified by phenol/chloroform extraction and two ethanol-precipitation steps . Fifteen micrograms of RNA were separated by electrophoresis on a 1% agarose gel containing 2% formaldehyde, transferred onto Hybond N + -membrane and hybridised as described above for Southern blots.
PKA activity assays of cell extracts
Unless otherwise indicated, all steps were performed at 4°C. After 6 h of development, cells were harvested from filters by washing with 6 ml of SP buffer (15 mM KH 2 PO 4 /2 mM Na 2 HPO 4 , pH 6.0) followed by 30 s vortexing. Cells were recovered from the suspension by centrifugation and pellets were resuspended in 150 ml extraction buffer (300 mM MOPS, 30 mM MgC1 2 , 2 mg/ml leupeptin, 4 mg/ml aprotinin, 2 mg/ml pepstatin, 200 mg/ml N-Tosyl-l-phenylalanine chloro-methylketone (TPCK), 2 mM Phenylmethylsulfonylfluoride (PMSF)). Cells were broken by freezethawing and lysates were centrifuged at 10 000 × g for 15 min. The supernatant was aliquoted and stored at −80°C for activity assays. For denaturing Western blots, cell pellets (3 × 10 7 cells) were directly resuspended in 50 m1 extraction buffer and 50 ml 4× loading buffer (Laemmli, 1970) . Extracts were then boiled for 7 min and stored at −80°C.
PKA activity was assayed by measuring [ 32 P] incorporation into the synthetic peptide LRRASLG (Kemptide) using a protocol modified from Roskoski (Roskoski, 1983) . A typical assay was performed in a total volume of 25 ml containing 50 mM MOPS pH 7.0, 5 mM MgC1 2 , 300 mM Kemptide, 300 mM [ 32 P-g]ATP (200-500 cpm/pmol), 40 mM cAMP, 30 mg/ml bestatin and 5 mg of proteic extract. After 30 min at 30°C, [ 32 P] incorporation was measured by spotting 10 ml of the reaction mixture onto P81 phosphocellulose filters (Whatman, Madstone, UK). The filters were washed three times for 5 min in 1% phosphoric acid, once for 5 min in acetone and dried before scintillation counting. The specificity of the reaction was assessed by performing the assay in the presence of 400 mM of the PKA specific inhibitor peptide PKI 5-24 (Scott et al., 1986 ) Under the conditions used, reactions were linear over time and protein amount.
For urea denaturation assays, cellular extracts (7 mg) in a final volume of 10 m1 were incubated for 3.5 h at 4°C in the presence of various urea concentrations, and residual PKA activity was measured. We verified that even at the highest concentration used, urea interfered with the assay by no more than 15%. For TritonX100 denaturation, 5 mg of cellular extract in a final volume of 10 ml was incubated for 30 min at room temperature with TritonX100 up to a final detergent concentration of 4%. The residual PKA activity was then determined as described above.
Western blots
Fifteen microliters of cell extract was loaded onto a 10% SDS-polyacrylamide gel. After electrophoresis the proteins were transferred onto nitrocellulose (Towbin et al., 1979) . Membranes were saturated for 30 min at room temperature in PBST (phosphate-buffered saline containing 0.1% Tween20) supplemented with 2% milk and then incubated overnight at 4°C with purified anti-PKA mouse polyclonal antibodies diluted 1:200 in the same buffer. Membranes were washed three times for 5 min with PBST and incubated for 1 h at room temperature with peroxidase-conjugated sheep anti-mouse antibodies (Biosys, Compiègne, France) diluted 1:2000 in PBST/2% milk. Membranes were then washed as described above and peroxidase activity was detected by ECL.
